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In  reeent  years,  the  demand  for  energy  generated  by  photovoltaies  has 
inereased  beeause  of  the  eheapness  of  this  energy,  espeeially  in  the  Middle 
East.  This  study  foeuses  on  the  design  and  implementation  of  a  three-phase 
photo voltaie  inverter  system  for  distribution  of  generator  applieations.  The 
three-phase  inverter  used  in  this  study  was  designed  using  GWM  100-01X1 
as  a  three-phase  full  bridge  MOSFET  paekage.  The  MOSFET  full  bridge  of 
the  three-phase  inverter  is  driven  using  IR2104  gate  driver  IC,  and  the  Hall 
sensors  of  the  voltage  and  eurrent  are  used  to  measure  the  AC  and  DC 
voltage  and  eurrent.  The  SPWM  signal  is  generated  using  a 
PIC24FJ256GB110  as  a  mieroeontroller  and  interfaeed  to  the  full  bridge 
paekage.  Simulation  and  experimental  results  are  presented  to  validate  the 
three-phase  inverter  design. 

Copyright  ©  2019  Institute  of  Advanced  Engineering  and  Science. 

All  rights  reserved. 


Corresponding  Author: 

Ihsan  Jabbar  Hasan, 

Department  of  Electronic,  Medical  Technical  Institute, 
Middle  Technical  University,  Baghdad,  Iraq. 

Email:  Ihsan_hssn@yahoo.com 


I.  INTRODUCTION 

The  first  solution  to  photovoltaic  power  generation  is  how  to  convert  solar  radiation  energy  to 
electrical  energy.  The  principle  of  solar  photovoltaic  cell  power  generation  is  based  on  the  photovoltaic 
effect,  which  is  a  conversion  device  that  converts  solar  radiation  energy  into  electrical  energy.  A  plurality  of 
such  devices  are  assembled  into  a  photovoltaic  cell  assembly,  and  a  plurality  of  components  are  combined 
into  a  photovoltaic  array  as  needed  and  matched  with  the  devices  for  energy  storage,  measurement,  control, 
and  inverter,  thereby  forming  a  photovoltaic  power  generation  system  [1-7]. 

To  meet  the  static  and  dynamic  requirements  of  the  load  on  the  distributed  generation  system,  the 
three-phase  photovoltaic  inverter  is  generally  designed  as  a  closed-loop  feedback  control  system,  and  the 
starting  point  for  the  analysis  and  control  of  the  closed-loop  control  system  involves  correctly  reflecting  the 
basic  relationship  between  input  and  output  [8-12]. 

As  shown  in  Figure  1,  the  basic  principle  is  that  the  three-phase  photovoltaic  array  inverter  is 
connected  to  grid,  and  the  generated  solar  energy  is  transferred  to  a  DC  power  source,  and  then  passed 
through  the  DC  filter  to  become  an  alternating  current  through  the  inverter.  The  fundamental  wave  is  a  sine 
wave,  which  is  inductively  filtered  and  merged  into  the  grid,  which  incorporates  the  current.  The  frequency 
and  phase  are  in  phase  with  the  grid  voltage.  Photovoltaic  grid- connected  inverters  use  voltage  source  input 
and  current  source  output  control.  The  output  current  is  controlled  using  voltage  control  [13-16]. 

The  main  hardware  of  the  full  system  in  this  study  is  a  part  of  the  control  system  that  uses 
PIC24FJ256GB110  as  a  microcontrol  core  [17,  18],  three-phase  full  bridge  MOSFET  module  (GWM  100- 
01X1)  [19],  and  IR2104  gate  driver  IC  as  an  isolation  gate  drive  circuit  [20,  21].  The  Hall  sensors  of  the 
voltage  and  current  are  used  to  measure  the  AC  and  DC  voltage  and  current  [22-26]. 


Journal  homepage :  http.V/iaescore. com/journals/index.php/IJPEDS 


1216  □ 


ISSN:  2088-8694 


This  paper  is  organised  as  follows:  in  Seetion  2,  a  mathematieal  model  of  the  three-phase 
photovoltaie  inverter  is  provided.  Seetion  3  diseusses  the  hardware  eireuit  strueture.  Seetion  4  presents  the 
simulation  and  praetieal  results  of  the  full  system,  and  finally,  Seetion  5  diseusses  the  eonelusions. 


2.  MATHEMATICAL  MODEL  OF  THREE  PHASE  PHOTOVOLTAIC  INVERTER 

For  the  distributed  generation  of  the  three-phase  grid,  the  main  topology  of  the  three-phase 
photovoltaie  grid-eonneeted  power  eireuit  inverter  is  shown  in  Figure  1.  In  the  figure,  Vde  is  the  DC  voltage 
aeross  the  DC  link  eapaeitor,  C  is  the  DC  bus  eapaeitanee,  and  LC  is  a  filter  in  the  AC  side  before  being 
eonneeted  to  the  grid.  Additionally,  Vpha,  Vphb,  and  Vphe  are  the  phase  voltages  of  the  three-phase  grid. 
Aeeording  to  Figure  1,  the  three-phase  grid  is  assumed  to  be  symmetrieal.  Aeeording  to  Kirehhoff  s  law,  the 
mathematieal  model  of  the  inverter  in  the  three-phase  stationary  eoordinate  system  ean  be  expressed  in  (1). 
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Where, 

^an>  Vbn  and  Yen  are  the  output  voltage  of  the  output  Leg’s  A,  B,  and  C  of  the  three-phase  photovoltaie 
inverter  relative  to  the  neutral  point  of  the  grid,  ib  and  are  the  three-phase  output  eurrent  of  the  inverter. 
C^a  ^^d  (^R(i  Rb  Rc  R^ 

In  the  two-phase  stationary  eoordinate  system,  the  grid  voltage  ap  eomponent  is  ehanged.  When 
predietive  eontrol  is  performed,  if  the  ehange  is  not  eonsidered,  the  system  performanee  will  be  affeeted, 
espeeially  when  the  switehing  frequeney  is  small.  If  the  variation  of  the  grid  voltage  aP  eomponent  is 
eonsidered,  the  eomplexity  of  the  eontrol  algorithm  will  inerease.  In  the  synehronous  rotating  eoordinate 
system,  the  d-axis  and  q-axis  eomponents  of  the  three-phase  symmetrie  grid  are  approximately  eonstant,  so 
the  eontrol  strategy  of  this  study  is  synehronous.  Implemented  in  a  rotating  eoordinate  system.  After  the  dq 
eoordinate  transformation,  the  mathematieal  model  of  the  inverter  in  the  two-phase  synehronous  rotating 
eoordinate  system  ean  be  presented  in  (2). 
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Where, 

id  and  are  grid-eonneeted  eurrents,  and  Vq  are  inverter  bridge  output  voltages,  and  and  are 
grid  voltages. 

The  angle  between  the  synehronous  rotating  eoordinate  system  and  stationary  eoordinate  system 
6  =  6^  +  2nfit,  is  the  grid  frequeney,  6  is  the  starting  angle,  and  6^  ean  be  any  value.  Only  the  grid 
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frequency  needs  to  be  detected,  which  reduces  the  control  difficulty.  For  ease  of  analysis,  coupling  is 
performed  by  (3). 
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If  we  ignore  the  influence  of  line  resistance  R,  the  final  mathematical  model  can  be  obtained  in  (4). 
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(4) 


According  to  the  instantaneous  power  theory,  instantaneous  active  power  P  and  reactive  power  Q 
output  from  the  three-phase  grid-connected  inverter  are  present  in  the  synchronous  rotating  coordinate 
system,  as  shown  in  (5). 


3.  HARDWARE  CIRCUIT  STRUCTURE 

The  main  hardware  part  of  the  control  system  uses  PIC24FJ256GB110  as  a  microcontrol  core, 
three-phase  inverter  back  package,  isolation  gate  drive  circuit,  and  current  and  voltage  sensors  (AC  and  DC). 
The  PIC24FJ256GB1 10  control  unit  mainly  completes  the  A/D  conversion  function  and  the  processing  of  the 
pulse  width  modulation  control  signals. 


3.1.  The  PIC24FJ256GBII0  control  unit 

The  PIC24FJ256GB110  microcontroller  is  the  main  part  used  to  control  and  implement  the  three- 
phase  inverter.  The  PIC24FJ256GB110  is  programmed  using  a  MPFAB  X  IDEV3.5  software  compiler  for 
programming,  and  using  C  language  [6]  [9]  [10]  and  Explorer  16  kit  for  the  microchip.  The  SPWM  control 
signals  that  are  generated  by  the  PIC24FJ128GA010  microcontroller  are  used  as  inputs  to  the  three-phase  full 
bridge  driver  circuit.  The  PIC24FJ256GB110  is  selected  because  it  is  highly  preferred,  offers  low  power 
consumption,  and  is  used  in  industries  with  high-voltage  automotive  applications.  The  properties  of  the 
microcontroller  are  shown  in  Table  1,  and  the  Explorer  16  kit  is  presented  in  Figure  2. 


Figure  2.  The  Explorer  16  kit  with 
PIC24FJ256GB110  [18] 


Table  1.  The  properties  of  PIC24FJ256GB11Q 


Specification 

Detail 

Device 

PIC24FJ256GB110 

No.  of  Pins 

100 

Program  Flash  Memory  (Kbyte) 

256 

RAM  (Kbyte) 

16 

Timer  16-bit 

5 

Capture  Input 

9 

Compare  Std.  PWM 

9 

ADC 

DC,  3 

UART 

4 

SPI 

3 

12C™ 

2 

Enhanced  CAN^^ 

2 

I/O  Pins  (Max)(2) 

44 

Package 

PF,  PT 

3.2.  Three-phase  MOSFET  inverter  package 

Figure  3  presents  the  three-phase  full  bridge  MOSFET  module  (GWM  100-01X1)  obtained  from  the 
IXYS  company  for  this  study.  The  unit  can  withstand  a  maximum  current  of  90 A  and  a  maximum  voltage  of 
lOOV.  The  SPWM  signals  generated  using  the  PIC24FJ256GB1 10  are  driven  by  the  drive  circuit  to  drive  the 
MOSFET.  The  MOSFET  is  driven  by  the  integrated  circuit  and  IR2104  module,  which  is  isolated  by 
an  optocoupler. 
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Figure  3.  Three-phase  full  bridge  MOSFET  module  (GWM  100-01X1)  [  ] 


3.3.  Voltage  and  current  sensor  circuit 

The  three-phase  voltage  sensor  eireuit  shown  in  Figure  4a  is  used  to  measure  a  phase  AC  voltage 
that  is  less  than  250  VAC.  The  eurrent  aequisition  is  performed  using  a  Hall  sensor.  The  three-phase  Hall 
sensors  of  the  inverter  in  Figure  4b  are  widely  used  in  variable  frequeney  speed  eontrol  deviees,  inverter 
deviees,  UPS  power  supply  deviees,  and  power  grid  monitoring  systems  beeause  of  their  high  preeision,  good 
linearity,  wide  frequeney  bandwidth,  fast  response  time,  small  size,  and  strong  anti-interferenee  ability. 


(a)  (b) 

Figure  4.  The  sensors:  (a)  Voltage  sensors  and  (b)  Current  sensors 


3.4.  Gate  driver  circuit  design 

The  MOSFET  full  bridge  of  the  three-phase  inverter  is  driven  by  the  hybrid  integrated  module 
IR2104  gate  driver  IC.  This  driver  is  used  as  a  MOSFET  driver  with  independent  to  another  power  supply 
beeause  it  is  a  high-voltage,  high-speed  output  ehannel.  The  IR2104  drive  has  many  applieations  -  DC-DC, 
AC/DC,  DC/AC  -  for  high-power  density  and  effieieney  and  motor  drive  applieations  sueh  as  home 
applianees  and  EED  drivers.  A  half-bridge  gate  driver  eireuit  based  on  IR2104  is  shown  in  Figure  5  with  two 
MOSFET  transistors. 


Figure  5.  IR2104  gate  driver  eireuit 
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4.  SIMULATION  AND  PRACTICAL  RESULTS 

This  section  is  divided  into  two  parts:  the  first  part  discusses  the  MATLAB/Simulink  results  for  the 
three-phase  photovoltaic  inverter,  and  the  second  part  discusses  the  practical  system’s  hardware  and  results. 

4.1.  Three-phase  simulation  results 

Figure  6  presents  the  full  system  of  the  three-phase  PV  inverter  with  feedback  and  full  control.  This 
system  was  built  using  MATLAB/Simulink.  The  simulation  parameters  are  V_dc=500V,  L=0.3mH,  400 
VAC  with  50Hz  and  the  three-phase  power  grid  with  a  carrier  frequency  of  5  kHz.  Figure  5  shows  the 
simulated  waveforms  of  the  grid-connected  current  and  voltage.  The  grid-connected  current  sinusoidality  of 
the  improved  predictive  control  method  is  high  and  stable,  and  the  inductance  value  fluctuation  is  small  and 
stable,  and  the  expected  control  target  is  achieved.  Because  the  grid  is  symmetrical,  the  voltage  and  current 
waveforms  of  phase  A  are  selected  to  present  the  current  and  voltage. 

The  simulation  results  of  the  three-phase  photovoltaic  inverter  for  DG  distribution  in  Figure  6  are 
presented  in  Figure  7.  Figure  7a  shows  the  DC  link  voltage.  The  output  voltage  of  the  three-phase  inverter  is 
shown  in  Figure  7b,  and  Figure  7c  presents  the  output  current  of  the  three-phase  inverter.  Finally,  the  voltage 
and  current  of  phase  A  are  shown  in  Figure  7d.  Figure  7d  presents  the  voltage  and  current  of  phase  A  in  the 
same  sequence. 


Figure  6.  Three-phase  photovoltaic  inverter  with  full  control  circuit 
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Figure  7.  MATLAB/Simulation  results:  (a)  DC  link  voltage  aeross  DC  link  bus  eapaeitor, 
(b)  Three-phase  voltage  (phase  to  ground),  (e)  Three-phase  inverter  eurrent  (phase  eurrent), 
and  (d)  Voltage  and  eurrent  results  for  Phase  A 


Figure  8  presents  the  THD  of  the  three-phase  eurrents  THD  (phase  A)  =  3.34%,  THD  (phase  B)  = 
3.40%  and  THD  (phase  C)  =  2.753%.  The  average  value  of  THD  for  the  full  system  is  equal  to  3.16%,  whieh 
is  aeeeptable  beeause  the  IEEE  standard  aeeepts  a  THD  <5%. 


(c) 

Figure  8.  THD  of  three-phase  eurrent:  (a)  THD  (phase  A),  (b)  THD  (phase  B),  and  (e)  THD  (phase  C) 


4.2.  Three-phase  practical  results 

Figure  9  present  the  demo  hardware  of  the  full  system  of  the  three-phase  inverter  built  in  the  lab.  It 
shows  the  isolated  driver  eireuit,  measuring  voltage  and  eurrent  eireuit,  three-phase  bridge  inverter,  and 
Explorer  16  kit  with  PIC24FJ256GB1 10  mieroeontroller. 
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Figure  9.  Full  hardware  circuit  of  the  three-phase  photovoltaic  inverter  system 


The  output  current  and  voltage  of  the  practical  system  of  the  three-phase  inverter  is  shown  in 
Figures  10(a)  and  (b)  respectively.  Figure  10(c)  presents  the  positive  results  of  phase  A’s  current  and  voltage 
in  the  same  phase. 


(a) 


(b) 


Figure  10.  The  practical  results:  (a)  Three-phase  output  voltage,  (b)  Three-phase  output  current,  and 
(c)  Voltage  and  current  in  the  same  phase  in  Phase  A 


5.  CONCLUSION 

This  study  involved  the  design  and  implementation  of  a  three-phase  photovoltaic  grid-tied  inverter 
controlled  by  PIC24FJ256GB110  based  on  the  distributed  generation  system.  The  microcontrol 
(PIC24FJ256GB110  chip)  core  used  an  advanced  and  powerful  microchip  with  high  reliability  and  high 
efficiency.  The  Hall  sensor  of  the  voltage  and  current  was  used  to  measure  the  AC  and  DC  voltage  and 
current.  This  practical  design  was  made  in  the  lab  mainly  by  using  the  basic  structure  of  the  three-phase 
photovoltaic  inverter  system,  selecting  the  appropriate  main  control  chip,  designing  the  three-phase  inverter 
power  supply  realised  using  the  PWM  modulation  method,  and  using  the  current  and  voltage  feedback  loops 
mode  in  the  instantaneous  value  method  to  ensure  that  the  output  of  the  inverter  was  stable  and  that  the  F 
filter  was  used  to  maintain  the  quality  of  the  output  power.  The  simulation  and  experimental  results  verified 
the  rationality  of  the  mathematical  model  and  control  strategy  and  provided  a  theoretical  basis  for  engineers 
and  technicians.  This  modelling  and  control  method  can  also  be  extended  to  other  types  of  PWM  changes. 
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